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ABSTRACI

The ciassledl pre-maln .i:juence cvolutionary behaviur round by
liavashl au-i his ~ownrkers frr the Sun denends crucially on the cholce
ol Indtiali cuidaivawnas  Thu Gmgaoie i clfe Zueliliild DE0L o L aidaadin
the calculacion with an alreadv centrally condensed highly Jeans
unstable ob)ect nut terribly far removed from the stellar state initlally.
In the present calculation we follow the work of Larson In iavestl;ating
the hydrodynamiec cullapse and asclrf-gravitatlonal accretion of .an
tnicially wniform just Jeans unstable (nterstellar pas-dust cleud,
The resultlny pletura for the early history of the Sun i@ quite different
trom that veend by Havash: . A rataer small (R - '-!E-!_.). iow Tumblnusity
(Lo 30!.“) aret riiellar corn dovelepsn. o tully oo oeeectlue sl lar core,
characteriatle o1 Hayashi's work, [a net tonsnd during the acerotion
arocegd, art ot oonly develop, Eoat all, dn the sefaogquent pre-midn

Segnenee ey =l v sibraction ol e cogne,



Althougn the problem ¢f modeilirc tue forration o7 Jhe Su s
2een approached by many autilors over .t long neriod of tine, in recent
rears the Jdiscuuwslon in the gennral astronomical 10 ciature has oome
to focus on the work of Havashi an: hils colishyriacors isve, eor.,
levashil and Nakano 1965; Havaushi LU0hy Narita, Sakanwo, aad acoashid D070).
Su e¢ntrenched has become the Havashi view thit [t is forpgotten that
even in the spherically svmmetric case, wlch no motation. no magnutic
fields, or nuclear enercy peneratlun, the evelutlon of the pre-mala
serquence Sun depends critically en che starting conditions.  In the
appreach of Hayasihl one begins with o centrall: condensed cbiect highly
unsatable agalnsc pravitational collapse (vere Jeams unstable), mnd
obtaing the followlng familfar s»i-ture of the subsequent eveiution:
after a free=fall contraction the core ander,oes 4 palr of bounces and
anatd up rapidly, {ormlng 1 rather large and tumine us bydroscatic
vqullibrium.  The core becomes compictely convectlve and the sratastar
approaches “ne Doaro=Ape Main Sequoenes giong an alonost o vert peal g
in the Hertesprung=gussell Tuabiaessity color cor ot active Ferperal ire)
dliapram, as Jigcussed by Nowkirk and Cough oo thra consoreae
However, ome- L troubied Y odew tae e tesun chireves] the omewnat
developad atracture (centrally peaked polyrrarte donsity dbtrihat on)
sauewd by Havashl as an inletrar condfpoe, i Loareon a0 0y
17972) wan led o conslder the conceptuall. oanler, ilat computat ronal by
csomniderably npre difticult ploture ot the sell-pravitat benal eoi lapee
of an infudally wnlform alipht 1y pcravitationally mmerable ® ennons
aterntel lar eloud of large radius, an ob'ect tar removed trom oo
artellar stare Infclalle. Cofortunately, the Qveamie evoint o owhieh
tollows from chese simple starttes, condit o S o Tt tie ¢ owpat
"tonaliy that Lardm wan unable to pe=tora @ he beedeodvaaet o o arae bon
witheut the lotroduct Ton of edditional sheestead ammmpt fens ooneentp e,

for evampie, the stracture of the aqectetfon shoeel ceont s o Wtocp



mnd others questioned the validity of these assumptions. and the work
vi Larson was not universally accepted. In che years that Zoliowed
many authors (e.g., Appenzeller and Tscharnuter 1975; Westbrook anf!
Tarter 1975; Ruppel and Cloutman 1975; Bertout 1975; Winkler 1Y74, 1978;
Tscharmnuter and Winkler 1979; for additional references see the review
papecs of Woodward 1978, Larscn 1973, 1978, and Bodenheimer and Black
1978) attempted rhe caleculotien startinn frexm fnivial condiciosa wi-ilur
to Laison's, in an uattempt to settle tie questivn of the validity ol
Larson's auxilliary physical assumptions. Recentl; Winkler wmd Newman
(198Ja) have given a critical analysis of the influence of numerical
techniquer in this type of ~aleviaticn, and have performed a hydrodynanmic
¢: leulation free f additional assumptfions. Thev have given 1 detailed
accommt of the structure in the region of the accretioa shock, and find
that l.rson's assumptions are well satisfied for the cage of the L M,
protustar. Thus Larson's account ot tile evolution of the early Sun
{5 a correct statement of the consequences ot the initlal condition
of a wiform tenuous interstellar cloud, if rotation, mugnetle flcelds,
and wnernonuclear reactions are neglected.  Jlacler and Mewman (19806
vave dlscusired the orfocts on the evolution of o detaiied descriprlion
of the equacion of stoete and opaclty. The discusslon wolch follow;i (u
Intende:d to pive a sinple vverview of the protostellar evolution.
1t 15 basged on the latter two papers, and @a an additlonal calceulation
In waich the eftecty of convectlive ener;y transport were thaken explicinly
into aceomt.  As it turms cut, the inclus fon of the mixing length tirory
ol convecetlon Inte the treatment of the collapde and aceretion process
of the carly Sun {3 only of minor Llmportance, and 1cads essentially ro
the game stellar strueture as chat found {fo carlier caleulattons In
which convectlon was neglocted,

As In Hayashi"n work apherfea! aymmetry bs agnumea and Cue o ot
of magneth flelds, rotatfon, ad auclear eneryy generait noare neplected,
The inlttal md howmdars conditlone enploved In the prewat calalacien

are tven o Table 1. e solar s owaer assumed to be diserthated (ol Lally



1-
in a diffuse interstellar .loud of radius 1.5 x 10~/ cm (0.16 light vear),

with uniform density 1.4 x 10_19 2 cm-3 (equivalent to cbout 4.2 x 104
hz molecules per cma. a moderately dense cloud), at a vniform temperature
of 10 K, embedded in a comstant external radiation field of temperature
10 K. The resulting configuration was slightly Jeans umstable to self-
e = 1.8 x 10°

wart, ™ to.al nass, the cloud radius, and the temperature of the

gravitational collapee, with an initial free~call time t

external radiacion field were held comstant throughout the calculation,
ind the rasulting hydrodvnamic evolution was followed numerically by
the method of Tacharnuter and Winkler (19/9).

The resulting evolution of the protostellar cloud was found tc proceed
in the following way. After ahout one initial free-fall time teg the
initial collapse phuse ends and a hydroatatic core forms. A secoud collapsn
ensues when temperatures in the hvdrustatic core are high enough for
nydrogen didgociation to begin. Eventual'y this c¢nllapse Is5 halcted and
the final hydrostatic core {s formed. In the zec:etion process whih
follows the remaining cnvelepe materlal rains cnte the entra  =ore.
suring thls process the kinetle ener;y of the free~falliag materlai iy
transforra]l almost completely !nto outpolny radiatlon in the strong
aeeretion daock surronndlng the core. Thaorclore, In contrast to davashi's
vork, the bulk of the gravitaclonal cner:sy releas:: s not depositqd in
the heatiog of the material of the hvdresrat!e utel! « core, N Tablw
convecrtive core dnes act develep, Slace the pravita: lonal onergy roelocie
Iy continunlly radiated :wir, over a long perled of time (som !HIJ Voirn) .
the hrdrostatic core whlch reaults Is rather zmall and of fow Jumine-. it

(L
X
tie iuminesity {3 generateqdl almost entlrely 'n the accretlon shock, the

= lOLn) comarad to that of Havashi. Throughout the accrotlon proeess

core itdelf concributing only about 1 Lﬁ to the total Luminosite.

Less tiim about 0.5 '“

avdregen conlzation zone beneath the surlace of the hvdrontat ic core,

wia carrcied by convectlve energy Lrranspor g the

At the end of  he acerction phase ostellar core of aboat '.H” radiate:

about ll"r



In the following some detulls of the evolution are presented.
Fig. 1 shovs the evolution of the center of the protostar in the log o-
log ¢ diagram. The course of the evolution is dztermined by thn thermo-
dynamic oroperties of the hydrogen-helium—~dust mi:ture used in the
:alculation, as emphasized hy Winkler and Newman (1980b). (The particular
composition employed llad a hydrogen mass fraction X = 0.7, helium mass
fraction Y = 0.28, with the remaiuing 0.02 MO in the fcrm of heavier
elements, distributed as in the King IVa mixture of Cox and Tabor 1976,
and 1 7 of the total material present in the form cf dust grains.)
The initial. dynamic collapse (a-b in Fig. 1) :s isotherma., the gravita-
tional enerpv released being radiated away immediately. However, when
the central deasity reaches about 10_13 2 cm_3 thhe material begins to
become optically thick to radiacion. The central regions begia to heat
up, uand the pressure increases. The collapse Is halted at point b in
Fig. 1, and the first hydrestatic core is formed. The cure contracta
quas l-statically from b to ¢, while matter rains down upon it from the
freely falling envelope. At central 'emperaturer of a Few thousand K
hydropgeu molecules begin to dissociate, and the gravit  'Lnal encrpy
release benins co go inte Internal modes of freedom of the nas.  The
pressure lncrease slows, and a second dynamic collapse (c—-d in ¥lg. L)
vesults.  The flnal stellar core forms as the dissociation nears completion,
.ane. 1 bounce wccurs. A double shock tfront structure perslits for a time,
wtll the materlal between the shock: haz fallen onto the inner shock
front, ‘Ghe secoud co!lapse occurs sy quickly (time scale - lJA s6¢C.)
that the gravitatlonal enerpy relemsed in the l.te stages of the collapse
cannot be radlated away as rapldly as it 1s generated. A lumlnosity peak
res tlea, and propagates to tite clouwd boundary on a time scile of about o
voar, producing a Luminosity outbmat of about 10-15 LH (FLy,. V) at che
durrace.  The steliar eore contmacts quasfatatlzally from d to 1, sarowing
an Lhe froo=falling envilope {8 accreced In near statlonary fashion,
At nont o e Flg, L an off=center temperature maxlmum develops due to

the iaterplay of electroa devoneraey and prodaure fonfzatlon el tects,




as discussed by Winkler and Newman (1980b). The calculation wac terminated
at point f when 99 % of the mass had been acciwulated in the core; the
position of the temperature maximum had reached the radial track of the
present Sun in the log p—-log T diagram, but the central regions had not

< characteristic of the mature Sun. This material

=

yet reached the point
will be heated (in part by nuclear energy generation) in the subsequent
Kelvin-Helmholtz contraction of _he ecarly Sun to its position on the
Zero~Age Main Sequence.

In Fig. 2 an account c¢f the evolution of the convective region during
the accretion process is given. Here the position (in mass cuvordinates)
of the convecrion zone is shown as a function ot rhe core mass. A hydrogen
ionization zone exists in the upper layers of the hvdrostatic corc just
downstream of the accretion shock, wihiich marks the boundary hetween the
stellar equilibrium and the free falling envelope. In thils zone the adlabatLic
gradient vnd drops to about 0.1 or even less, and n convectlvely unatable
region 1s established. However this region contains at most a few %} of the
total mass; a flux of only order N.5 LG is carvied in this rewion. Deeper
in the core below the lunilzatien =mone the adiabatic pradient rapidly approaches
values of order 0.3 to 0.4, charac’eristic of an almost completelv Llonized
material, and this material remains stable agalnst convection eacly in the
aceretion process. The varlatlon 2! the slze of the convectlern :one at tlmes
when 20 to 60 X of the material Ls assembled n the core teflects changes in
V”d as well ns In the actual temperazure gradient d InT/d LnP ns the e olution
proceeds, The core grows In both mass and vadlas until about 50-60 % £ the
miaterial 1a in the core; a ipniflcunt contract on of the core miterial
resulting In mn Increase of the Intema: encrpy of the gas Is not found prior
to this evolutionary stage. Atter CO T of the *otas materlial has falisn onto
the core, the core fYinally bepglnn to centract, the core radius decreasing
by about 50 7 In the remalnder of the acceretion processa. ™Is contract!/on
Iteacs the core materfal somewhat, so that the actual temerature gradient
appruacies the adlabat e gradlient Lo approxim.tely the ouvter half ot the
stellar core at the end of the acersrion phase.  The contributlon of thiy
woll-ontia Hahed convrction zone to the ttal laminosity {4 also approximat el
e "(-)' amd therefore 't is aelmporrant for most of the aceretion phase,

as o comparisen with vhe total Tamlnogfty gshown In Vige Vo revenls.



The aevolution in the luminosity-effective temperature (Hertzsprung-
Russell) diagram is shown in Fig. 3. In contrast to the tracks of Hayashi,
the evoiuvtion begins physically, with low luminosity and low effective
temperature. The numbers labelling the curve are the time in years since
the formation of the final stcllar core some 2.43 x 105 vears after the
initial collapse begins. It requires about 1 year for the luminosity
outhurst produced at the end of the second collapse to reach the outer
cli.ud boundary, and this energy 1s quickly dissipated. The luminosity
then increases slowly for about 104 years and remains roughly constant
for about 2.5 x 105 years as the envelope is accreted onto the core.

At about 2.35 x ]_05 years following the formation of the firal core

the puint where the optical depth equals 2/3 (the effective 'photo-

sphere') passes rapidly through the optically thin prr-heat'ng rezion

vutside the shock r(rcont and enters the sinock froat region itself as cun
envelcpe becomus depleted of material. A sharp increase In etrective
temperature and a jump to the left in the diagram result. The difficulties
aysoclated with the interpretation of effective temperature in star formation
calculutions nave been discussed hy Winkler and Newman (1980a). The luminosity
decreases a3 the envelope depletion proceeds and the mass flow rate drops
toward zero.

The present calculatlon was termlnated when 99 7 or the matter had
been accreted by the core, ad did not [nclude thormonuclear reacclons.
Presumably the protostar woull approach the Zun's posltion on the Zero-Age
Maln Cequence in the uwgual rashion with the {gnitlon of (:e proton-proton
chalas, after having followed a path ln the Hertzsprung—Russell diagram
very different from that fomd vy Hoyashl and his colleagues. However, the
exhaust ion of light primordlal fuels (e.p., deuterium, 3He. 7Ll. etc.),
which was not considered in elther the present caleculation nor those of
Mayash!, could profoundly altect the ovolution. The point at which a
particular fuel hacomes an ‘mportant oper;yv source depends on the electron
ahlelding correctlon, which ts a dUiflenit problem for tae relat!velr hiph
Jensitv, low temerature conditlons oncountore:] in star formation (Newman 14973),
However, deateriom fonlifon may be expacted to occur ab a gtage whea anly
about 107 of the mass has peen aceroted by the core, o off=center temperature

naxituam o g, oand L)) :!* (nearly /Yy of the cors) renides (n o desenerate



region (Winkler and Newman 1980b). Thermonuclear ignition undar these
circumstances may be quite interesting. The onset of nuclear buriing
should be off-center, outside a degenerate region with nearly cemperature-
independent pressure response. A weak flash or thermonuclear runawayv
might result, wich possible consequences ror the structure or the flow.
Fresh fuel will be continually delivered from above as the accretion
proceeds, and it is not clear that the evolution resulti:g will rasemble
closely that discussed above, which neglects nuclear energy sources.

The role of thermonuclear reactions in a dynamic pre-main secuerce setting

is the subject of curren: investigarion (Newmar and Winkler 1930).
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Tabla 1. Initial and Boundary Conditions

i .-l,j = canstant

1.2 % 1017 cm = constant

1.9 x 10-]'9 B cm-3 unifo.m inltlally
10 K isothermal initially

10 K = constant at boundary

1.8 x 10’ yeara initlfally
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FIGUR:Z CACTIONS

Fig., 1. Dersity-temperature diagram. he evolution of the central
temperature and density of the pre-main acquence Sun {3 Jhown,
as is the radlal track of the present Sun. The patn ol the
off~-center temperature maximum which develops at point e Is

Also Livo,

Flg. 2. The location of convectively unstable zones {s shown as a
function of rcre wass. The diagonal cuvincides with the outer
buundary of an loiwizaticn zone at the edge of the protoste!lar

core just downstrram of the accretion shock.

Fig. 3. Zvolutionary track in the Hertzsprune=-Russell luminosity-
eifective temperature diupram. Tiie numbers on the curve pive
tae time in years since the formation of the {inal stullar core,
<e%) x 1(\5 years after the initlal collcpse. The Dero=A, MHaln

Sujuence s also shown.
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